Abstract During high power disk laser welding, the high-speed photography was used to measure the dynamic images of the laser-induced plume at different laser welding speeds. Various plume features (area, height and brightness) were extracted from the images by the color space clustering algorithm. Combined with observation on the surface and the cross sections of welding samples, the effect of welding speed on welding stability was analyzed. From the experimental results, it was found that these features of plume could reflect the welding state. Thus changes of the plume features corresponded to different welding speeds, which was helpful for monitoring the laser welding stability.
Introduction
The disk laser technology has received a lot of attention lately [1∼4] . Since extraction of characteristic signals during laser welding is possible, many qualitysensitive welding processes are monitored. A common signal for monitoring the laser welding process is the characters of the plasma, which contains abundant information about the stability of welding process and correlates with the quality of the produced weld seam. Several online monitoring methods have been proposed to provide real-time information about the welding process with analysis of plasma characters, such as using electric signals [5] , acoustic emission [6] , optical signals [7∼9] and image processing [10∼12] .
Nowadays, for the disk laser welding, researches on signal extraction and analysis of the plasma dynamic image are relatively few. It is necessary to clarify the features of dynamic image more deeply, which can directly reflect the plasma behavior. High-speed photography is a direct and effective type of measurement [13] , which can take a series of photographs at a high sampling frequency.
The relationship between the plume features (area, height) and the characteristics of welded seam have been analyzed [14] . In order to further study the relationship between the plume signal and the stability of welding process, we focused here on the effect of welding speed on welding stability combined with the surface and the cross sections of welding samples.
Experimental details
The experimental setup for disk laser bead-on-plate welding without illumination diode is schematically illustrated in Fig. 1 . In this study, bead-on-plate welding at different speeds of 3 m/min, 4.5 m/min and 6 m/min was performed on the austenitic stainless steel Type 304 specimens using a high-power disk laser (TruDisk-10003) with a constant laser power of 10 kW. Table 1 lists the welding conditions. A NAC's high-speed camera system (Memrecam fx RX6) was mounted to monitor the plume and molten pool in the welding process. The optical filter was placed in front of RX6 to reduce the effect of multiple reflections between the filter and the lens. The shielding gas was argon to protect the molten pool from oxidation. 3 Results and discussion
The image processing was accomplished by using the Matlab platform. The processing steps included image acquisition, image segmentation, and features extraction. The plume area, plume height, and mean brightness of image were extracted from the processed plume color image by color space clustering algorithm [14, 15] . After a color image was segmented, the pixel number of the effective plume image was set equal to plume area, the vertical distance between the lowest point and the highest point was set equal to plume height. The mean brightness of the plume image was the average intensity of the pixels in effective plume region. Fig. 2 was the calculated results of the area for the plume region (from the start to the end of the welding) at different welding speeds, where the ordinate was the area of the plume region (the number of pixels), and the abscissa was the serial number of the sample images. When the welding speed was 6 m/min, the fluctuation range of the plume area was very large, and the changes between the peaks and the troughs were relatively significant. When the welding speed was 4.5 m/min, the inhomogeneity of the area curve was reduced. When the welding speed was 3 m/min, the changes of the curve were the most even, fluctuation range was gentle, and the changes between the peaks and the troughs were the smallest. It was believed that the change of the plume area could correspond to the change of welding speeds, and then provide useful information for the welding states. It is thus thought that changes of these features can reflect the changes of the welding state. Fig. 3 was the surface appearance of sample welded at different welding speeds. As shown in Fig. 3 , four different cross sections of the workpieces were selected for observation. At slower welding speed, the welded seam width became even, the number of spatters on the sample surface was decreased, and the welding process tended to be stable. Fig. 4 shows the bead width and weld penetration made at different welding speed of the cross section 1. As shown in Fig. 4 and Table 2 , the depth-to-width ratio (DWR) at 6 m/min was the largest, but its welding process was the most unstable, and the quality of its underfilled surface was the worst. Although the DWRs at 4.5 m/min and 3 m/min were a bit smaller, the welding process was more stable, and the quality of the welded seam surface was better. Observing the cross sections through metallurgical microscope, more pores were easily formed at the welding speed of 3 m/min, while few pores were formed at the welding speed of 6 m/min. When the welding speed decreased, the line energy input of welding process improved, and the laser energy could penetrate into the melting pool more effectively and more deeply. More energy obtained by the molten pool made the evaporation more intense, which caused the keyhole fluctuated violently. Thus, many bubbles are formed in the molten pool, and most of them were trapped by the solidifying metal, leading to the formation of pores [10] . These results show that the keyhole behavior well corresponds to the welding speed. Therefore, high welding speed easily led to large depth-to-width ratio, but might affect the stability of the welding process. We should not blindly pursue a large depth-to-width ratio, but select an appropriate welding speed to take account of both the welding state and the depth-to-width ratio.
Features of dynamic plume image

Features of the welding sample
Effect of welding speed on welding stability
The average areas, height and mean brightness of plume region at different speeds were given in Table 3 . The relative errors, the e MSE and the e MSRE of the average areas, height and mean brightness were calculated by using Eqs. (1) and (2).
where e MSE is the mean squared errors, e MSRE is the mean squared relative errors, V calc is calculated value, V mean is mean measured value, and N is the number of samples. Corresponding calculated results were also given in Table 3 . As seen from Table 3 , with the increase in welding speed, the mean square error of the plume area and height became larger correspondingly. It meant that, with increasing welding speed, the stability of dynamic plume became worse, and it further reflected that the stability of the welding process also became worse. Meanwhile, the average plume area, height and brightness became larger with increasing welding speed. When the welding speed decreased, the line energy input of welding process improved, the welding process became stable, and the laser energy could penetrate deeper and more effectively into the area below the welding surface of the workpiece, rather than accumulate around the surface of the workpiece, and thus made the size of melting region decrease. Thus, the metal vapor from the surface of the workpiece reduced, resulting in the decrease of the area and height of the plume in the surface region of workpiece. And the decrease of the plume area and height reduced the laser energy loss in the transmission process, which fed back a beneficial effect on the welding process. Therefore, it was believed that the decrease of welding speed could improve the stability of the welding process and welding quality.
Conclusions
The high-speed photography was used to diagnose the dynamic changes of the plume region during high power disk laser welding process at different welding speeds and a constant laser power of 10 kW. Useful plume images features such as the plume area, plume height, and mean brightness of image were extracted from the processed plume color image. Major conclusions obtained in this study are as follows.
a. High welding speed easily led to large depth-towidth ratio, but may affect the stability of the welding process. Appropriate decrease of welding speed could improve the stability of the welding process and welding quality under certain conditions. b. More pores were easily formed when the welding speed was low. We did not discuss the problem here because the formation and evolution mechanism of the pores involved complex process of physics, mechanics and metal material science.
c. With increasing welding speed, the mean square error of the plume area and height became larger correspondingly, and the average plume area, height and brightness also became larger. Therefore, the change of the plume area can correspond to change of welding speeds, and provide useful information for monitoring the welding states. 
